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ABSTRACT: Most industrial catalysts are complex materials that usually operate at
elevated pressures and temperatures. Pressure, materials, instrument, and complexity
gaps are obstacles toward understanding how catalysts work and how to rationally design
new catalysts. In this article, we examine existing and emerging approaches to bridge
some of these gaps and gain new insights into the catalyst active phase and catalytic
mechanism using synchrotron-based spectroscopy, scattering, and imaging methods.
The utilization of in situ, time-resolved synchrotron techniques offers unique
opportunities to study working (operando) catalysts. Using several representative
examples from recent literature we illustrate the synergy from using combinations of
techniques to identify new details about catalytic properties that are unavailable when
these methods are used separately. Following this approach it is possible to identify new
catalyst phases and reaction intermediates.
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1. INTRODUCTION

Since their inception, synchrotron radiation sources have been
attracting an ever growing number of catalysis scientists. Almost
every major synchrotron facility has an active catalysis research
community among its users. Recent reviews describe the broad
range of tools, from spectroscopy1,2 to scattering3,4 to
imaging,5,6 available for catalysis investigations using synchro-
tron radiation. In principle, one must be able to characterize
complex materials that operate in a wide range of temperature
and pressure conditions.1−6 Because of the complexity of
interactions occurring simultaneously in broad spatial and
temporal ranges, this field relies not on a single instrument or
single experiment, but on a combination of information gained
from different sources. Significant progress has been made in
the past two decades in transforming a typical synchrotron
hutch into a modern day chemistry laboratory with a hub of
integrated instruments, as illustrated in the following examples.
Clausen et al.7 reported the first combination of synchrotron X-
ray absorption spectroscopy (XAS) and X-ray diffraction
(XRD) for in situ studies of catalysts almost 20 years ago in
HASYLAB at DESY (Hamburg, Germany). The field has been
continuously advanced ever since, to its present state where the
XAS, in particular extended X-ray absorption fine structure
(EXAFS), and XRD measurements are applied for inves-
tigations of working catalytic processes, that is, in oper-
ando.8−11 Several authors have further enhanced the combined
measurements by adding complementary electronic and
vibrational spectroscopy techniques, including ultraviolet-visible
(UV−vis.), infrared (IR), and Raman, to the well established

XAS-XRD combination.12−16 Weckhuysen and others have
combined the small and wide angle scattering (SAXS and
WAXS) techniques with quick-scanning EXAFS (QEXAFS) to
study in situ processes.14,17 Newton et al. began to explore the
analytical power of the combinations of Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS) with time-
resolved XAS,18−20 and time-resolved XRD.21 Newton and
Chupas have advanced the XRD-pair distribution function
(PDF) methods for in situ and operando catalysis studies.22,23

More details about some of these advances can be found in a
recent review by Bentrup.24

The progress in synchrotron catalysis methods would not be
possible without the development of in situ and operando
reactors for homogeneous and heterogeneous catalysis that
couple synchrotron techniques (XAS and XRD) with vibra-
tional spectroscopies.13,16,25−29 The opposite can be also true:
invention of the quick scanning (QEXAFS) monochromator
was motivated by specific needs of catalysis science, namely, to
study reaction kinetics with subsecond time resolution.
QEXAFS applications extend now to problems in environ-
mental and materials sciences, that is, far beyond the realm of
catalysis.30,31 The millisecond time barrier will be inevitably
broken by using microfluidic reactors for XAS.32 Nanometer-
resolution imaging and tomography studies of catalytic
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processes in real time are now possible because of the better
focusing optics, nanometer-precision positioning stages, and
nanoreactor technologies.33

Continuing improvement in spatiotemporal resolution
imposes constraints on the experimental geometry (e.g., small
working distance between the sample and the detector, or the
micrometer size reactors), thus complicating the integration of
the new generation of in situ instruments in the same
experiment. It is, therefore, timely to revisit the main rationale
for this approach that was successfully used for two decades. In
this Perspective we will critically review the new type of
information that emerges from combining different methods to
study catalytic processes at synchrotrons in operando. We will
begin with several examples showing how the nature of active
site in the water-gas shift (WGS) reaction can be refined by
combining XAS data with simultaneous product analysis. In the
subsequent sections, we will focus on the combination of the
XAS and X-ray scattering-based methods and their coupling
with other operando studies. Many examples are taken from the
authors’ own experience at the Synchrotron Catalysis
Consortium (SCC) at the National Synchrotron Light Source
(NSLS) of Brookhaven National Laboratory. When describing
X-ray spectroscopy we limit the discussion to the “tender”-to-
hard X-ray energy range, typically from 2 KeV and above.
Readers interested in learning more about the methods
available for catalytic studies utilizing ultraviolet and soft X-
ray ranges of synchrotron radiation are referred to excellent
reviews on these subjects.5,34−36

2. USING XAS TO DETERMINE ACTIVE SITES
2.1. Catalysis. One example of the application of XAS to

heterogeneous catalysis comes from studies of the active phase
for metal/oxide catalysts used for the WGS reaction. The
nature of the active phase(s) in metal/oxide WGS catalysts and
the WGS reaction mechanism is a matter of ongoing debates.37

Thus, XAS was used to obtain a systematic understanding of
the structural, electronic, and chemical properties of CuO/
CeO2, Ce1−xCuxO2, CeO2−x/CuO, and AuOx/CeO2 WGS
catalysts.38−43 For example, the as-prepared AuOx-CeO2
catalysts contain nanoparticles of pure gold and gold oxides
dispersed on a nanoceria support.44 Each of these gold species
could be in the active phase, and the ceria support may not be a
simple spectator in these systems.37,44 The top panel in Figure
1 shows data for the production of H2 and CO2 during the
WGS over a powder gold-ceria catalyst,39 with the catalyst
being held at reaction temperatures of 300, 400, and 500 °C.
The experimental setup did not detect significant catalytic
activity at temperatures below 250 °C.39 The chemical state of
gold during the WGS was determined by means of in situ, time-
resolved X-ray absorption near-edge structure (XANES). The
bottom panel in Figure 1 displays Au L3-edge XANES spectra
collected at room temperature for fresh catalysts with a Au
content of 0.5 wt % (dashed trace) or 2.4 wt % (solid traces).
The line shape of these two spectra is very similar and shows a
clear feature at ∼2.5 eV above the edge that is not seen for
metallic gold and is characteristic of gold oxides.39,45 A
quantitative analysis indicated that the intensity of this peak
is higher than that observed for Au2O and closer to that seen in
Au2O3.

45 The intensity of the peak is proportional to the
number of electron holes in the valence d band of Au.45 Once
the 2.4 wt %Au-CeO2 catalyst was exposed to a mixture of CO/
H2O at elevated temperatures, the XANES features for gold
oxide disappeared at temperatures well below 200 °C.39

Around 150 °C, the Au L3-edge XANES spectrum of the 2.4
wt %Au-CeO2 catalyst closely matched the corresponding
spectrum for metallic Au. EXAFS data showed the disappear-
ance of the r peak for Au−O in AuOx with the simultaneous
appearance of the r peak for Au−Au in metallic Au. Thus, at
temperatures above 200 °C, when significant WGS activity was
detected, the line-shape of the Au L3-edge indicated the
existence of pure gold.39 In situ measurements of the Ce L3-
edge showed that ceria was partially reduced under WGS
conditions becoming CeO1.95. The XANES spectra in Figure 1
were obtained under a reaction mixture of 5%CO and 3% H2O
in He (total flow ∼10 mL/min).39 Thus, the in situ time-
resolved XAS data indicate that cationic Auδ+ species cannot be
the key sites responsible for the WGS activity in Figure 1,
because they do not exist under reaction conditions.39 An
identical finding has been found in XANES experiments for
AuOx/Ce1−x ZrxO2−y powder catalysts.

37 In these catalysts, the
results of XANES measurements at the Au and Ce L3-edges
indicate that the active phase consists of small Au aggregates
(<2 nm in size) dispersed on partially reduced ceria (CeO1.94-
CeO1.98).

39,37 The behavior observed for AuOx/CeO2 under
WGS reaction conditions is not unique. Similar in situ XANES
studies for the WGS reaction on CuO/CeO2, Ce1−xCuxO2 and

Figure 1. Top panel: Relative amounts of H2 and CO2 formed during
WGS over a 2.4% weight Au- CeO2 catalysts. A mixture of 5% CO and
3% H2O in He (total flow ∼10 mL/min) was passed over the catalyst
at 300, 400, or 500 °C.39 Bottom panel: Au L3-edge XANES spectra
collected in situ during the WGS reaction over the same catalyst. For
comparison, Figure 1 also includes the spectra for a fresh 0.5 wt %
Au−CeO2 catalyst, dashed trace, and a gold foil. The vertical line
indicates the main features for AuOx versus metallic Au. Spectra
reprinted with permission from ref 39. Copyright 2005 American
Institute of Physics.
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CeO2−x/CuO point to a full reduction of CuO by CO, and
metallic Cu appears to be the active phase of these
catalysts.38,40,46,42 These and similar studies with in situ
XANES and XRD7−21 indicate that a heterogeneous catalyst
is a dynamic entity with properties that change as a function of
the reaction conditions.
2.2. Electrocatalysis. Fuel cells, in particular polymer

electrode membrane (PEM) fuel cells, are expected to become
one of the major alternative sources of energy for stationary and

transportation applications. Despite definitive advances in
recent years, one of the major hurdles is the high Pt content
in electrocatalysts. The extensive use of XAS under in situ
electrochemical conditions has played an important role in
developing electrocatalysts with enhanced activity and reduced
Pt content. In situ XAS measurements offer the opportunity to
study electrocatalysts under operating conditions in electro-
chemical cells, and to determine the origin of their catalytic
activity. The structural and electronic properties determined

Figure 2. Electrochemical cell for in situ XAS studies designed by the Adzic group.

Figure 3. In situ XANES and EXAFS spectra for determining the electronic and structural properties of PtRhSnO2. XANES spectra (a,c) and
Fourier-transform magnitudes (b,d) of the Rh K-edge (a,b) and Pt LIII-edge (c,d) for the PtRhSnO2/C electrocatalyst in 1M HClO4 solution as a
function of half-cell potential. Modified with author permission based on figure in ref 51. Copyright 2009 Nature Publishing Group).
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using in situ XAS can facilitate reliable structure−activity
correlations that potentially offer guidelines for designing new
electrocatalysts. The possibility of reproducing the fuel cell
conditions is also very useful in identifying the transient
phenomena causing degradation of the catalysts.
Figure 2 shows a typical design of a half-cell from the Adzic

group,47 for in situ studies of electrocatalysts with H2 and O2

flows. Such studies are particularly attractive when different
electrocatalysts are used at anode and cathode. Such reaction
cell allows for the in situ studies at the fuel cell operating
temperatures of 60−80 °C. The in situ studies are uniquely
suited for correlating XAS spectral information unambiguously
with the catalytic activity since all atoms sampled by the X-ray
beam are involved in the reaction.48 This version has been
chosen as the starting point for modified designs by other
groups.49,50

For example, the utilization of in situ XAS played a critical
role in the explanation of the activity of a ternary PtRhSnO2/C
electrocatalyst that is capable of oxidizing ethanol with high
efficiency and showing great promise for breaking the C−C
bond in ethanol at room temperature in acid solutions.51 As
shown in Figure 3, the electronic and structural properties of
the PtRhSnO2 electrocatalyst and their potential dependence
were determined using in situ XANES and EXAFS. Figures 3a
and 3c show the Rh K-edge and Pt LIII-edge XANES spectra for
PtRhSnO2/C, respectively, obtained in the potential region
from 0.21 to 1.11 V in 1 M HClO4 solution. The main
absorption peaks at the Rh and Pt edges showed very small
potential dependence, suggesting that the electrocatalytic
surfaces were only slightly oxidized during electrochemical
measurements. Furthermore, the metal−metal coordination
numbers from the EXAFS analysis (Figures 3b and 3d) were
consistent with a homogeneous distribution of Pt and Rh
throughout the electrocatalyst particles. The electronic and
structural properties derived in Figure 3 provided important
insight into the active site for the electrooxidation of ethanol
under fuel cell operating conditions.51

Specifically, as mentioned above, the in situ studies of
XANES at different potentials demonstrated that Pt and Rh
species are only weakly oxidized at all potentials studied. That
was an important observation that helped reveal the role of
SnO2 sites that are saturated by H2O/OH and weaken the
interaction of water with Pt and Rh, thus making them available
for ethanol oxidation. The conclusion that both Pt and Rh
participate in the reaction, supported also by density functional
theory (DFT) calculations, stems in part from EXAFS analysis
indicating that both types of atoms are present at the catalyst
surface.
In addition to the example of anode electrooxidation catalysts

shown in Figure 3, in situ XAS studies have provided important
information regarding the active sites and stability of cathode
electrocatalysts for the oxygen reduction reaction (ORR),52 as
well as the structure−property relationship in low-dimensional
electrocatalysts, such as monolayers Pt supported on Au and
TiO2.

53,54 Similar XAS studies should provide insight into the
activity and stability of monolayers Pt electrocatalysts for
hydrogen evolution reaction (HER) for water electrolysis.55

Another opportunity of future XFS research is the investigation
of active sites of electrocatalysts in in situ photoelectrochemical
cells.56

3. COMBINING XAS WITH OTHER TECHNIQUES

3.1. Combining XRD with XAS. The actual structure of
the active phase of a catalyst can range from crystalline to
amorphous, or mixture of the two.57−59 This is a relatively
common situation seen in metal/oxide catalysts where the
oxide support is mainly crystalline and small metal particles are
amorphous. Another example is a reactor compartment that
contains a mixture of reduced and unreduced state of the same
catalyst. In a common terminology used in crystallography,60

the structure of a catalyst can have local, medium, or long-range
order. While all solids from crystalline to amorphous have local
order, the long-range order exists only in the crystals. Yet, all
types of systems may be present in a catalytic system: an
ordered structure in an oxide support, a mixture of large
crystalline metal clusters, and small, disordered, and/or
amorphous ones. To understand the nature of catalytically
active phase one should have techniques available to character-
ize these different degrees of structural order in the working
catalyst.
XAS is sensitive to the local structure only, within a few

coordination shells around the absorbing atom. For systems
with small to moderate disorder, XAS can characterize local
structure accurately even if the long-range order is absent. On
the other hand, Bragg diffraction originates from coherent
scattering and thus requires long-range periodicity within a
region at least a few unit cells in size. The formation of strongly
disordered and low dimensional phases, as well as metastable
reaction intermediates, is a very common phenomenon in
catalytic processes.57−60

For samples possessing long-range order, XRD has been one
of the most frequently applied techniques in catalyst character-
ization.61 Over the past decade researchers have been
conducting subminute, time-resolved in situ XRD experiments
under a wide variety of temperature and pressure conditions
(−190 °C < T < 930 °C; P < 50 atm).62 These advances result
from combining the high intensity of synchrotron radiation
with new parallel data-collection devices.
The concept of combining synchrotron techniques dates

back to the pioneering work of Thomas63 and Clausen.7 They
combined XRD and XAFS in one single experiment with
enough time resolution to follow the kinetics of structural
changes of solids under in situ conditions and opened the door
to the employment of a powerful characterization tool for
unraveling complex structural transformations and its applica-
tion to mixed oxides systems. Further developments in the
technique increased the resolution of both the XRD and XAS
measurements. An experimental setup for XAS/XRD has been
built at beamline X18A of the NSLS and used to explore the
advantages and limitations of the simultaneous utilization of
these techniques in measuring structure and kinetics in the
same catalytic system.11 Nearly simultaneous XRD and XAFS
measurements of the behavior of several catalysts under
reducing or oxidizing conditions have been performed.11

The structure and chemical state of an inverse CeO2/CuO
catalyst was investigated under reduction with CO and
oxidation with O2.

11 The sample powder was loaded in a 1/
8” Kapton tube in a flow cell. XRD patterns (measured with 30
s exposure time) were collected at 20 KeV during reduction by
flowing 5% CO/He mixture while increasing the temperature
from room temperature (RT) to 200 °C. The XRD was also
measured during oxidation experiments, where the 20% O2/He
mixture was introduced at 200 °C, and the temperature was
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held at 200 °C then increased and held at 250 and 300 °C.
EXAFS scans were collected before and after the CO reduction
at 25 and 200 °C, as well as during the reoxidation experiment
(at the end of the 30 min exposure to O2) and at 300 °C (after
the extended exposure to O2). Gases leaving the reaction
chamber were analyzed with a quadruple mass spectrometer
(QMS).
The Rietveld refinement analysis results of the time-resolved

XRD measurements are shown in Figure 4 and Table 1. From
Figure 4a it can be seen that no intermediate phase (Cu2O) was
observed in the process of reduction. In Figure 4b, the
reoxidation resulted in the mixture of CuO and Cu2O at 200 °C
in 20%O2/He, and Cu2O was found to be fully oxidized at 300
°C. The above results demonstrate that, according to XRD, the
Cu2O intermediate structure is only stable in the reoxidation
step.
The corresponding Cu K-edge XANES data in Figure 5

(inset) show the transformation of the fresh sample upon CO
reduction and subsequent reoxidation. The fresh sample was
found to be dominated by Cu2+, in agreement with XRD, and
the reoxidized sample at 300 °C was found to be identical with
the fresh sample in the XANES region (Figure 5). Linear
combination fits of XANES data provided the fractions of Cu0,
Cu+, and Cu2+ in the reduced and reoxidized samples. For the
linear combination analysis the XANES data measured in Cu
metal foil, CuO and Cu2O powder data were used as standards
for the Cu0, Cu+ and Cu2+ oxidation states, respectively. In
addition, an experimental standard for the substitutional phase
Cu:CeO2 was also used.
Numerical results for the XANES and XRD data analyses are

summarized in Table 1. Interestingly, the two techniques
reported different amounts of Cu0, Cu+, and Cu2+ in the
samples during the reduction and reoxidation processes. In the
both cases, XRD underestimated the amounts of minority
phases in the sample (Cu+ and Cu2+ in the reduced sample and

Cu0 and Cu+ in the oxidized sample). One can conclude that
the reduced sensitivity of XRD to these contributions was likely
to be caused by the enhanced disorder and/or low
dimensionality of these undetected phases. XAS, being a local
structural method, is thus more likely to detect such phases.
However, without the simultaneous XRD measurement, XAS
results would not indicate their disordered nature, that is, the

Figure 4.Molar phase fraction of copper species during reduction (a) and reoxidation (b), as measured by the XRD. Reprinted with permission from
ref 11. Copyright 2011 American Chemical Society.

Table 1. Mixing Fractions of Cu0, Cu+, and Cu2+ in the Inverse CuO/CeO2 Catalysts Obtained during CO Reduction and O2
Oxidation by XAS and XRD Techniques in a Single Experiment11

Cu0 Cu+ Cu2+ in CuO Cu2+ in CeO2

sample XAFS XRD XAFS XRD XAFS XRD XAFS XRD

fresh 0 0 0 0 73% 90% 27% 10%
reduced at 200 °C 70% 96% 17% 0 13% 0 0 4%
reoxidized at 200 °C 23% 0 30% 31% 47% 67% 0 2%
reoxidized at 300 °C 0 0 0 70% 95% 30% 5%

Figure 5. Cu K-edge XANES data and linear combination fits for the
Cu/ceria inverse catalyst, reduced (with CO) and reoxidized (with O2)
at 200 °C. Inset shows the raw data obtained at different states of the
reaction. Reprinted with permission from ref 11. Copyright 2011
American Chemical Society.
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XAS analysis results would have been incomplete or, worse,
even misleading. Only when combining the two measurements
together in one self-consistent analysis methodology can the
new information about the disordered nature of the transient
species be obtained.
A similar conclusion (about the presence of low dimensional

phase, invisible to XRD) was obtained in a study of the
reduction of a WGS CuFe2O4 catalyst in CO.11 For CuFe2O4
under reducing conditions, the combined use of XAS and XRD
allowed the acquisition of accurate data for the kinetics of
nucleation and growth of metallic Cu (Figure 6), the active
catalytic phase in the WGS process.

The combination of XAS and XRD measurements in the
same experiment puts limitations in the precision of the data
that can be obtained with each technique, but this combination
is necessary if one wants to explore correlations between the
structural and the electronic properties of a catalyst. We will
now discuss whether the accuracy of XAS and XRD
measurements done in combined mode is adequate for
operando investigations. In time-resolved operando experi-
ments the central question in most catalysis studies is: how to
extract the information on the reaction kinetics from the
available experimental data. The kinetic information most often
sought is the studies of reaction intermediates, although the
investigation of reaction rates and kinetic barriers is also
commonly pursued. To find out the number and the identity of
the reaction intermediates, the excellent accuracy of standalone
EXAFS and XRD refinements (that can be done by multiple-
scattering fit and Rietveld analyses, respectively) is not
required. For example, EXAFS fitting analysis would not be
conclusive when multiple phases are present because of the
large number of structural parameters to refine. Instead, a
common alternative is the use of simplified, linear algebra
methods: linear combination analysis or principal component
analysis, where the phase speciation is done model-
independently and reliably, using either XANES or EXAFS
spectra or both. Only after the phase speciation is achieved
should a refinement of the structure be planned, which is a
separate step that does not require a combined investigation;
and such structures can be obtained separately by EXAFS and
XRD measurements and later accurately refined, which is an
established approach.41

The experimental setup for nearly simultaneous XAS/XRD
offers an exciting new possibility to study heterogeneous
catalysis by in situ Diffraction Anomalous Fine Structure
(DAFS).64 This method, combining the long-range order
sensitivity of XRD and short-range order specificity of XAS
within the same in situ reaction cell, has been used in the past
for discriminating between the nanocrystalline and the bulk
amorphous phases of the same atomic species.65 The XAS/
XRD setup allows one to extend these ideas to perform in situ,
real time chemical speciation and kinetics studies in the system
containing reduced and oxidized states of the same catalyst.11

3.2. Combining Imaging Techniques with XAS:
Bridging the Length Scales by Combining Spatially
Averaged and Local Studies. Because of the concentration
and temperature gradients that can occur during chemical
reactions, it is important not only to measure the average
information over the large area illuminated by X-ray beam in
real time but also to complement it with the local information
about the state of the catalyst in each section of the reactor.
This can be accomplished by spatially resolved spectroscopy
that uses either scanning X-ray microscopy with microfocused
X-ray beams or full field X-ray microscopy with X-ray camera.66

The second method is often employed in combination with
tomographic imaging techniques66,67 that allows to reconstruct
a three-dimensional structure of the sample. This technique has
been recently combined with fluorescence mapping,68,69 with70

and without71 energy scanning.
An excellent example of the new information that micro-

tomography and micro-X-ray fluorescence imaging provides is
the work by Jones et al.69 performed at beamlines X26A and
X27A of the NSLS. They demonstrated their potentials for
monitoring changes in the catalyst composition during
Fischer−Tropsch synthesis. Fluorescence microtomography
images are shown in Figure 7, top, which demonstrate the
nonhomogeneous distribution of Fe atoms within a portion of
the sample and the change in Fe distribution during the
reaction. Fluorescence maps (Figure 7, bottom) demonstrate
relative concentration of each promoter (Fe, Ni, Cu, Zn, and
Pb) in one of the analyzed samples. Combined, these data may
help understand the mechanisms of catalyst activity, its
enhancement due to the presence of additional components,
and the catalyst deactivation.
Grunwaldt et al.70 demonstrated that new information about

catalytic mechanisms can be gained if energy is scanned during
the full field microscopy measurements. The new type of data
was the spatially resolved valence state of Rh catalyst supported
on Al2O3. These data (Figure 8) were measured in operando,
during the partial methane oxidation reaction catalyzed by this
system. There is a clear advantage of doing such experiments in
energy scanning mode vs staying at a single energy
corresponding to, for example, white line maximum. When
energy is scanned, the spectra can be analyzed either by
XANES or EXAFS analysis methods and an important question
can be answered about the transformation pathway between
different oxidation states of the catalyst: does it go through an
intermediate state or states or is it a one-step process between
the initial and the final states. Clearly, such question cannot be
answered by a single energy measurement, but linear
combination of principal component analysis techniques can
provide detailed answer when the collection of spectra is
measured at different positions in the reactor and/or reaction
times.72,41,73−75

Figure 6. Comparison of the Cu0 fractions determined by XRD and
XAS for the reduction of a WGS CuFe2O4 catalysts in CO. Reprinted
with permission from ref 11. Copyright 2011 American Chemical
Society.
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3.3. Coupling Spectroscopy and Diffraction to Surface
Reactivity Studies. The determination of the active phase of a
catalyst is usually followed by experimental and/or theoretical
studies on the surface chemistry and reaction mechanism
associated with the catalytic process.76 The importance of
knowing a reaction mechanism is that it often provides a
rational way to improve catalytic activity and selectivity.77

Ideally, one should be able to monitor simultaneously the
changes that occur in the structure of the catalyst particle and
the chemical species that are being transformed on the catalyst
surface. Understanding of the mechanism for a catalyzed
reaction requires direct observation of the chemical species
involved in the elementary steps and the kinetics for their
transformations.77 In recent years, there has been a strong drive
toward the integration of techniques that provide information
on the structural properties of the catalysts by coupling XRD,
XAS with techniques that allow the study of surface reactions,
infrared and Raman spectroscopy.
Infrared spectroscopy is perhaps the most commonly used

technique in heterogeneous catalysis to identify adsorbed

species and to study the way in which these species are
chemisorbed in the surface of the catalyst.78 It is a frequently
used technique in mechanistic studies,6,79−81 having one the
longest histories among the methods for in situ character-
ization.78 When combined with probe molecules (CO, NO,
etc), infrared spectroscopy can yield valuable information about
the adsorption sites in the catalyst.78,80,82−84 Raman spectros-
copy has also become popular for in situ studies because it also
provides information about the active sites and adsorbed
species.6,85 Since the selection rules for vibrational transitions
are different in infrared and Raman spectroscopies,86 the
information obtained from the two techniques often comple-
ments each other and thus provides valuable structural
information.
In recent years different experimental setups have been

developed to combine XAS/IR,6,87,88 XAS/Raman,6,29,87,89

XRD/IR,21,87 and XRD/Raman6,87,90 opening the door to
operando studies of the links between the structural and the
chemical properties of heterogeneous catalysts. At beamline
X18A of the NSLS a new instrument for synchronous in situ

Figure 7. Top: Fe distributions in two fluorescence tomographic sections through the Fischer−Tropsch sample show variability of the catalyst
concentrations within the same waxy sample. The pixel size for the images is 0.010 mm ×0.010 mm (ref 69) Bottom: Maps of Fe, Ni, Cu, Zn, and Pb
metals detected in the Fischer−Tropsch waxy sample taken during the reaction. The maps show variability of concentrations on a pixed-to-pixel size
scale. Reprinted with permission from ref 69. Copyright 2005 Springer Science and Business Media.
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investigation of catalytic materials by infrared and XAS was
designed and built.88 Among the features attractive for catalysis
research are the broad range of catalytically active elements that
can be investigated (all metals), the wide range of reaction
conditions (temperatures up to 600 °C, various reactive gases)
and time resolution (starting from tens of seconds).88

The XAS/IR setup at beamline X18A of the NSLS have been
used to study CO oxidation, the synthesis and reforming of
alcohols, olefin hydrogenation, and the WGS reaction.80

EXAFS and XANES are not particularly efficient techniques
for studies of the surface structure of nanoparticle catalysts
during their interactions with reactants, for example, adsorbates
and ligands attached to the catalyst surface, because their signal
is dominated by the absorber atoms inside the nanoparticles.
DRIFTS is a useful alternative for such analysis because of the
sensitivity on the functional groups adsorbed on the surface of
the catalyst.88 For example, Figure 9 shows data acquired using

this facility. In situ XANES and DRIFT spectra were collected
during the reduction of a Pt/γ-Al2O3 catalyst in a 5% H2/He
atmosphere while ramping the temperature from room
temperature to 400 °C at a rate of 5 °C min−1.88 The
reduction of Pt particles is clearly evident in the XANES spectra
(Figure 9b) by the decrease in the white line intensity.88

DRIFT spectra, recorded simultaneously with XAS, are shown
in Figure 9a. Two bands are visible at lower temperatures at
2120 and 2050 cm−1. As the temperature increases, the former
band weakens in intensity and eventually disappears from the
spectrum around 150 °C, whereas the lower frequency band
increases in height and shifts in frequency from 2050 to 2060
cm−1. The highest intensity and the frequency of the latter band
are found at 350 °C. A further temperature increase causes the
band to decrease in intensity and to shift toward lower
wavenumbers. The origin of the higher frequency peak is
usually associated with the weak Pt−H vibration, whereas that
at 2060 cm−1 is believed to be caused by CO impurities.88

X-ray photoelectron spectroscopy (XPS) is another
technique that is commonly used in studies of surface reactivity.
XPS is a well established technique for the characterization of
catalysts under ultrahigh vacuum (UHV) environment
(pressures <10−7 Torr).91 With the implementation of
ambient-pressure XPS at several synchrotron facilities it is
now possible to study intermediates in common catalytic and
electrocatalytic processes. The concept of differential pumping
for moderate- or ambient-pressure XPS was first applied by
Siegbahn and his colleagues in 1969 for investigation of gases at
pressures of up to a few tenths of a Torr.92 In recent years the
instrumental development of differentially pumped electron-
energy analyzers equipped with fast multichannel detectors and
access to the new generation of synchrotrons has opened new
exciting possibilities,93 such as studying chemical trans-
formations on surfaces using photoemission under conditions
that are much closer to realistic environments and therefore of
direct relevance to catalysis.94−96 Figure 10 shows the setup for
a moderate-pressure XPS instrument.97 The key feature of a
ambient-pressure XPS system is the differential pumping
between the sample and the electron energy analyzer.95,97

The XPS signal level is strongly influenced by the flux of the X-
ray source, the scattering of the photoelectrons by the gas
phase, and the efficiency of the photoelectron collection by the

Figure 8. X-ray absorption spectra at the Rh K-edge of the 2.5 wt %
Rh/Al2O3 catalyst (a) in an integral manner (averaged over the whole
sample by wide beams) below, around and above the ignition
temperature; (b) in a “local” manner probing at different positions of
the catalyst bed with a 1 mm × 0.6 mm X-ray beam at 283 °C.
Reprinted from ref 70. Copyright 2006 American Chemical Society.

Figure 9. (a) DRIFTS and (b) Pt L3 XANES spectra taken during the reduction of a 5 wt % Pt/Al2O3 catalyst in 5% H2/He from room temperature
to 400 °C. Reprinted with permission from ref 88. Copyright 2011 Wiley.
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spectrometer.95,97 For practical reasons, a highly intense
synchrotron beam is necessary as the source of soft X-rays.
The use of electrostatic lenses within the differential pumping
stages substantially enhances the efficiency of the detection
process.95,97 The main factor limiting the maximum working
pressure in the sample cell is the scattering of low-energy
photoelectrons by gas phase molecules. The operating pressure
in modern analyzers can range up to 5−10 Torr,95,97 which is
sufficient to study many chemical reactions that are associated
with catalytic processes and will not occur under UHV
environment.95,98

At present ambient-pressure XPS has been used to follow the
kinetics of surface reactions and to study reaction mecha-
nisms.95,98 Figure 11 shows Ru 3d5/2 XPS spectra for the
oxidation of Ru(001) collected at the ALS99 with an electron-
energy analyzer that has differential pumping stages similar to
those shown in Figure 10.97 The XPS spectra were recorded in
a period of ∼30 s and clearly show the growth of RuOx. Several
articles published by the Berkeley and Fritz-Haber laboratories
nicely illustrate the uniqueness of moderate pressure high
resolution XPS for in situ studies of Cu catalysts for methanol
oxidation.95 Ambient pressure XPS instruments with sub-

monolayer sensitivity are currently installed at several
synchrotron facilities in Europe (BESSY, ELETTRA, MAX-
LAB) and the U.S. (ALS, NSLS), and the technique starts to be
widely applied in operando studies.95,98 The next major
challenge is to shift the range of operating pressures up to
500 Torr or higher.95,98

4. BRINGING CATALYSIS COMMUNITY TO
SYNCHROTRONS

Despite their unique advantages for in situ catalytic studies,
synchrotron techniques are often underutilized or unexplored
by the catalysis community because of various perceived and
real barriers. For example, the participation in synchrotron
research would require access to beamtime facilities, fabrication
of in situ reactors, and knowledge of beamline operations and
data analysis, among other things. These requirements present
significant barriers for research groups without previous
synchrotron experience. Coordinated efforts are needed to
assist new users, as well as to develop new capabilities for
experienced users. One successful example is the Synchrotron
Catalysis Consortium (SCC) consisting of catalysis researchers
from academic, national, and industrial laboratories. Since its
establishment in 2005, at the National Synchrotron Light
Source at Brookhaven National Laboratory, the SCC team has
coordinated significant efforts to promote the utilization of
cutting-edge catalytic research through the following concerted
efforts:
- Dedicated beamlines for XAS and XRD measurements.
- Dedicated in situ reactors for a variety of catalytic and

electrocatalytic studies.
- Dedicated staff to assist experimental setup and data

analysis.
- Training courses and help sessions provided by the SCC

team members.
- Development of new techniques for catalytic and

electrocatalytic research.
Using these concerted approaches the SCC team has built

and/or tested several instruments for catalytic investigations:

Figure 10. Ambient-pressure XPS setup (with permission of Ph.D.
thesis author in ref 97).

Figure 11. Ru 3d5/2 XPS spectra taken in situ during the oxidation of Ru(001) by 1 Torr of O2 at 573K. (modified with permission from an
unpublished figure from ref 99).
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QEXAFS,100 XAS-XRD,11 XAS-DAFS,11 XAS-DRIFTS,88 and
XAS-XRD-Raman.101 SCC members trained several hundreds
new users and provided assistance to numerous catalysis
research groups. The accomplishment of the SCC team
demonstrates the critical importance of establishing national
and international consortia to coordinate synchrotron research
with the catalysis community.
Many synchrotron facilities have taken similar steps toward

joining forces with regional catalysis user groups and
developing new ways to organize catalysis community around
synchrotron techniques. In the 1990s HASYLAB at DESY
dedicated an EXAFS beamline for catalysis research. The
beamline was equipped with an integrated laboratory and large
space for building up in situ equipment, including gas lines and
gas sensors. A similar trend can be found in at ESRF (e.g.,
dedicated facilities for in situ XAS at the Swiss-Norwegian
beamline and DUBBLE where several techniques can be
combined), SLS (SuperXAS beamline that allows users to
monitor changes in catalysts in the subsecond scale with a
QEXAFS monochromator), and the SAMBA beamline at
SOLEIL.102 APS at Argonne National Laboratory has several
beamlines with infrastructure for catalysis research and
dedicated scientific staff to support catalysis users.

5. OUTLOOK AND OPPORTUNITIES
In the current Perspective we summarized several areas where
we and others2,5,13,24 observe potentials for future progress in
the field of combining synchrotron-based methods with
complementary techniques for catalytic studies. Opportunities
exist for new operando cell designs that enable more powerful
applications of combined techniques to study homogeneous
and heterogeneous catalysis in liquid phase, and liquid−solid
interface, which are relatively less explored compared to the
catalysis in solid phase or at the solid−gas interface.
More work is required to fully explore the potential of high

energy resolution techniques: high energy resolution fluo-
rescence detection (HERFD), X-ray emission spectroscopy
(XES), and resonant inelastic X-ray scattering (RIXS), and their
combination with the XAS method. These techniques, coupled
with the high flux beamlines and fast time resolution data
acquisition methods (Dispersive EXAFS and QEXAFS) are
powerful tools for studying electronic structure of catalysts and
probing their interactions with reactants and products.
Another capability that is currently in its infancy but is being

rapidly developed at the synchrotron facilities over the world
(Diamond, APS, NSLS-II) is the X-ray spectroscopy and
imaging of individual nanoparticles under operando conditions.
The motivation for this work is to be able to measure,
quantitatively, the charge state, bonding distribution, strain
within individual clusters, and correlate them with reactivity.
Combining the analytical power of XAS methods to materials’
charge state, bonding structure, and dynamics, this goal can be
reached when the nanoprobes are available to study XAS in
individual nanoparticles.
Despite the many advantages of combining complementary

techniques in a single experiment, and many innovations that
bring together techniques that were not possible to combine
5−10 years ago, the inherent limitation of such approach (not
being able to combine all useful techniques in one experiment)
will always remain. One such challenge is the need to overcome
the nonlocal, ensemble-averaging nature of absorption and
scattering methods.94 Catalytic properties are strongly affected
by size and shape of the nanoparticles, which exhibit a broad

range of sizes, shapes, and compositions in real processes.
Therefore, there is a clear need to include electron microscopy
and diffraction to the synchrotron-based set of tools for
catalysis research. Within the currently used philosophy of
combining instruments in a single experiment, this would
require the installation of an electron microscope in the
synchrotron end station, which represents a difficult but
achievable goal. Another approach will require a paradigm
shift from the “combination of techniques in a single
experiment” to a “portable, versatile microreactor compatible
with X-ray and electron probes”. As a first step toward that goal,
de Groot et al. have recently carried out an in situ STXM study
of a Fischer−Tropsch catalyst.33 One particular aspect of this
work that is appealing for the new approach is that the
nanoreactor used by de Groot et al. was adapted from the cell
originally used for high-resolution electron microscopy, and
thus compatible for both.
Equally important to instrument development, well coordi-

nated consortia with dedicated staff and in situ reaction cells are
essential to make the synchrotron facilities available to the
broader catalysis community. The close interactions between
beamiline scientists and catalysis researchers within the
consortia will also promote instrument development tailored
to enhance in situ catalytic studies.
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